Heterodyne detection for apertureless near-field scanning optical microscopy was used to study periodic gold nanowell arrays. Optical nearfield amplitude and phase signals were obtained simultaneously with the topography of the gold nanowells and with different polarizations. Theoretical calculations of the near-fields were consistent with the experiments; in particular, the calculated amplitudes were in especially good agreement. The heterodyne method is shown to be particularly effective for these types of periodic photonic structures and other highly scattering media, which can overwhelm the near-field scattered signal when conventional apertureless near-field scanning optical microscopy is used.
The ability to create and detect plasmons in metal films of gold and silver has led to great interest in developing chemical and biological sensors, optical switches, and other photonic devices that use plasmons.[1-6] These abilities can be customized by adjusting the properties of the metal films through producing different sized hole-arrays, changing their periodicity, and adsorbing different organics onto the surface. Plasmon sensors could be based on monitoring the difference in the plasmon signal due to the change on the surface. [5, 7] Locating the areas on the sample surface that have a high signal response would be beneficial for plasmonic sensor development. These highly sensitive areas could then be exploited to engineer better plasmonic sensors.
The highest spatial resolution method for detecting plasmons in metal films is to use nearfield scanning optical microscopy (NSOM). [8] [9] [10] [11] The use of NSOM provides the ability to get sub-diffraction limited optical resolution simultaneously with the topography, thus allowing for direct comparision. [12] [13] [14] [15] [16] [17] [18] [19] [20] However, near-field patterns of the types of hole arrays of relevance to the applications noted above are notoriously difficult to resolve with conventional NSOM methods because far-field scattering can overwhelm the signal. The goal of this paper is to show how the recently developed heterodyned apertureless NSOM technique resolves this difficulty [18] [19] [20] , resulting in remarkably crisp amplitude images and providing phase information as well, even when a large amount of far-field scattering is present. Fig. 1. (a) . Schematic of homodyne detection method. IL is the incident light, E b is the background light, E s near-field signal from the tip-sample interaction, LD lock-in detector system. (b) Schematic of heterodyne detection method. AOM is the acousto-optical modulators, E r is the reference beam or Δω, BS is a beam splitter, O is the focusing/collecting objective.
The technique used in this work is an apertureless NSOM approach using the heterodyne method for detection of the optical signal. [10, [18] [19] [20] Heterodyne detection has some highly useful advantages versus similar apertureless techniques, i.e. homodyne detection. One of these advantages is the ability to further suppress the background scattered light than the homodyne method and therefore allowing for better near-field signal contrast. Another advantage is the amplification of the near-field signal using the reference field. Both of these advantages and their derivations are fully explained in a previous paper. [10] Figure 1 diagrams the two types of apertureless NSOM. A brief description of their differences is discussed below.
Figure 1(a) shows the sample area and the detection path for the homodyne method. The incident beam from a laser source is focused at the end of an atomic force microscope (AFM) cantilever tip. This cantilever is vibrating vertically above the sample at a frequency (f) with amplitude of a few tens of nanometers and is positioned a few nanometers above the sample surface. Light is scattered by the extremity of the tip when encountering the sample's evanescent field. This scattered light is collected in the far-field along with any remaining incident light (dark field configuration) and detected by a photomultiplier tube (PMT). The PMT signal is fed into a lock-in detector that is set at the tapping frequency of the cantilever or one of its harmonics (nf) to detect the near-field signal. This signal has a complex nature as both the near-field signal and the background incident light are interrelated and cannot be easily separated, and is proportional to
where E s is the light scattered from the tip-sample interaction, E b is the background light, φ b and φ s are the phase of the light from the background and tip-sample interaction, respectively. The dependence on the background signal leads to convoluted images and makes analysis of those images difficult. Figure 1(b) illustrates the heterodyne method. [18] [19] [20] In this method the incident laser beam first passes through two acousto-optic modulators creating a second beam that is frequency shifted. The frequency shifted beam passes straight into the detection path and is designated as the reference beam (Δω). The incident beam is focused at the end of the AFM cantilever identical to the homodyne method. This experimental setup collects the scattered light from the tip-sample interaction back through the focusing objective and into the detection path. The signal from the sample is combined with the reference light to form a signal that is proportional to
where E r is the reference light, φ r and φ s are the phase of the light from the reference and tipsample interaction, respectively. The near-field amplitude and phase signals are then extracted by using a lock-in detection method at the difference of the tapping frequency and the reference beam (nf-Δω). The gold nanowell sample was prepared by using an imprinting procedure. [21] Briefly, molds are formed by casting and curing a prepolymer of poly(dimethylsiloxane) (PDMS) against a "master" of photoresist on a silicon wafer, which was defined by projection mode deep ultraviolet lithography. Peeling the polymer away from the master yields a PDMS mold with the corresponding relief. In the first step of the imprinting, a layer of photocurable polyurethane is spin cast onto a glass slide. The PDMS mold is placed on top of the polyurethane. The polyurethane is then cured using ultraviolet light resulting in a solid relief structure with the same geometry of the PDMS mold. The final step in this process is to remove the PDMS mold. A thin layer of gold was blanket evaporated onto the imprinted polyurethane/glass substrate. The imprinted structure has a square lattice consisting of circular nanowells with varying diameter and periodicity. The walls of the nanowells do not have a metal coating, due to the direction flux of the electron beam evaporation system that was used. Figure 2 shows near-field images that were obtained on the nanowell samples using apertureless NSOM techniques. For this sample, the thickness of the Au layer is 50 nm, the nanowell depths are 400 nm, hole diameters are 450 nm, and the periodicity is 800 nm. The AFM is a Digital Instruments Multimode with a Nanoscope IIIa controller. Si cantilever tips with a conical shape were used (Nanosensors model NCH-W, resonance frequency of 330 kHz). Figure 2(a) is an AFM image of the sample. Figure 2(b) is the near-field amplitude image of the nanowells obtained at the tapping frequency (f) of the AFM cantilever. This corresponds to a homodyne detection configuration, which is dominated by fringes due to the interferometric nature of the homodyne method. [10] Figure 2(b) indicates that the nanowells perturb the fringes, but any further analysis of the near-field information of the nanowells is difficult. Figures 2(a) , 2(c), and 2(d) were all taken simultaneously using the heterodyne technique. The resulting images, obtained at the frequency difference of (2f-Δω), demonstrate the capability of the heterodyne detection method. The fringes seen in the homodyne method are completely eliminated and the resulting image is the near-field amplitude signal from the sample. [10] Figure 2(d) is a representative image of the phase obtained for this nanowell sample. The ability to obtain phase images simultaneously with topography [ Fig. 2(a) ] and the near-field amplitude [ Fig. 2(c) ] images is advantageous due to the additional information that maybe obtained and used in correlation with the topography and amplitude images. For example, phase imaging would provide important additional information for determining the physical source of the near-field amplitude. For example, it can discern coherent origins of the optical near-field, such as plasmons, from incoherent processes such as fluorescence. The coherent process will show a phase contrast across the structure, while incoherent processes will not show a spatially varying contrast.
To better understand the experimental results, theoretical calculations were conducted by using the finite-difference time-domain (FDTD) method. [4, 22] These calculations are fully three-dimensional, include uniaxial perfectly matched layers for absorbing light scattered by the nanowell system. The total-field scattered-field method was used to launch a laser beam with a wavelength of 647.4 nm, a 6 μm spot diameter, and an incident angle of 75 0 relative to the surface normal. The large incident angle used requires a large beam diameter to produce a uniform area of intensity in the central region of the metallic film structure to be consistent with how the experiments were performed. The field information discussed is inferred from Fourier transforms of the various time-dependent field components at the frequency corresponding to the incident wavelength.
The theoretical results presented also take into account, approximately, two experimental features. First, the NSOM tip drops as it passes over a hole and therefore picks up field information from the bottom of the hole. This tip effect is accounted for as follows. Let x, y and z be Cartesian coordinates with x, y parallel to the plane of the surface and z normal to the surface. Assume the center of the nanowell is at x = y = 0 and let z = z b correspond to the bottom of the nanowell and z = z t be the top of the metal surface. If F(x, y) is a theoretical amplitude or phase image to be compared with a corresponding experimental one, it was constructed with calculated field information for z = z t if [x 2 +y 2 ] 1/2 > r w -Δ, and otherwise calculated with information for z = z b . Here, r w is the radius of the nanowell and the factor Δ, which was taken to be 16 nm, accounts for the fact that the tip is cone shaped and it does not immediately drop down to the bottom of the nanowell near the outer edges. The second experimental feature that requires special attention is that the tip does not move in the x-y plane, but instead the sample is moved in the x-y plane with respect to the tip. The tip only moves in the z direction. This means that only the relative phase information between the incident wave and the scattered wave from the film is obtained. Therefore the phase calculated from the nanohole film had to be referenced to a similar calculation on an unstructured film. Other details of these calculations are similar to those of Ref. 4 .
Aside from addressing the probe tip drop over the nanowell holes as outlined above, we did not take any further account of how the tip interacts with the system. Of course the presence of a tip can affect the near fields. See, however, Refs. 4 and 9 for a discussion of FDTD results on a related nanohole problem that explicitly include an aperture tip in some instances. These results showed that while some aspects of the near fields are altered by the presence of a tip, many general features of the ideal no-tip case are preserved in the full simulations. We thus consider that the tip's extremity acts as a Mie-Rayleigh particle that partially converts, by scattering, the near-field into far field without perturbing its nature. Such a perturbation could be due for example to tip-sample plasmon coupling, which is in our case very unlikely because the tip is Si while the sample is metallic. One specific area that the s/s s/p p/p |E| (FDTD) |E| (Exp) p/s probe does affect the observed images relative to the theory is that the wells appear smaller in the experimental images relative to the theoretical images. This is because the tip, due to a radius of curvature on the order of 10 nm, must entirely clear the edge of the well before dropping into the well. Thus, convolution with the tip has the effect of making the holes appear slightly smaller. Figure 3 displays representative near-field amplitude images, both theoretical and experimental, at different incident and detected polarizations. The convention a/b is used to denote the incident polarization state, a, and detected polarization state, b. All the theoretical images are presented on the same linear thermal color scale. The level of agreement with experiment is very good. Both theory and experiment indicate that incident p polarization leads to the largest fields around the nanowell perimeters. In particular, the p/p case has the most contrast and largest rings of amplitude around the nanowells. In this case the incident polarization vector, being parallel to the plane of incidence is oscillating almost perpendicular to the surface. It thus can excite dipolar local surface plasmon excitations along the nanowell perimeter edges that can be imagined to be oscillating up and down the nanowell sidewalls. One would expect an intense, even distribution of amplitude around the hole rims, which is observed in Fig. 3 (p/p) . The theoretical p/p amplitude does show some hot spots between the nanowells that are not evident in the experimental result. These hot spots probably arise from interference of surface plasmons launched from different holes that, experimentally, are easily damped by imperfections in the holes. The p/s case also shows an even distribution around the hole rims due to the p polarized illumination. Depolarization to s polarized near-field appears similar in magnitude throughout the rim. The s/s and s/p cases of Fig. 3 involve s-polarized incident light that is almost parallel to the surface and therefore do not excite such surface plasmons. It may be possible to excite dipolar local plasmon states of the holes themselves, [9] but these plasmon states are likely to be less intense, especially due to the large hole diameters studied here.
In Fig. 4 , the theoretical and experimental phases for the s/s and p/p incident/detected combinations are shown. In both cases, the phase shows a change from the hole edge to the bottom of the well. Thus, the main change in phase seen is due to the difference in the optical path resulting from the tip dropping to the bottom of the nanowell. Therefore the detailed effects of any surface plasmons in the wall region are masked and one can only infer some general features. For example, in the p/p polarization case both theory and experiment indicate that the surface plasmon has the same phase all along the metal surface. While in the s/s polarization case, one would expect the local surface plasmon of the Au disk at the bottom of the well to have a π shift in phase across the hole along the polarization direction. [23] However in both our experimental and simulation data, such a phase change across the disk is not observed. However, an FDTD calculation of the absorption spectrum of the isolated disk shows that the plasmon resonance lies at approximately 500 nm. Thus, the illumination In conclusion, the heterodyne apertureless NSOM technique was used to overcome the severe difficulties encountered in measuring near fields in important nanophotonic devices such as periodic hole arrays. Remarkably crisp near-field amplitudes were found and, for the first time, simultaneous phase information was obtained for a periodic array of gold nanowells. Both the theoretical and experimental amplitude results are in good agreement and indicate that the highest near-field signal originates around the perimeter of the nanowell samples and by using p-polarization light yields the largest near-field signal. This ability to image and better understand the near fields of such systems may be applied, for example, in the continued development of plasmonic nanowell sensors.
